Abstract: Photoelectron (PE) spectra of two stable carbenes 7 and 8 have been recorded and the spectra have been interpreted with the aid of eigenvalues and eigenvectors taken from Becke3LYP calculations. For the carbene series 6-8, the lone pair on the carbene carbon atom is the HOMO. The first adiabatic ionization potential (IP) of eight electronically quite different carbenes has been calculated using semiempirical PM3 and ab initio HF, Becke3LYP, and Becke3PW91 methods (3-21G(*) and 6-31+G* basis sets) as well as the CBS-4 model. For the first vertical IP, the HAM/3, Becke3LYP, and Becke3PW91 methods have been employed. CBS-4 and DFT calculations show excellent agreement with experimental values. Considering both accuracy and speed, the method of choice for the prediction of first ionization potentials of carbenes seems to be Becke3LYP/6-31+G*//Becke3LYP/3-21G(*).
Introduction
Photoelectron (PE) spectroscopy gives information on electronic structure and binding that can be obtained by no other technique. For PE spectroscopic studies, carbenes have been generated in the gas phase from suitable precursors by techniques such as pyrolysis (1, 2) and microwave discharge (3). 2 Usually, carbenes are more or less short-lived reactive intermediates. To be detected, they must be sufficiently long lived to be ionized. Both the precursor and the lifetime of a carbene can present difficulties to a PE spectroscopic study. First, if the conversion of the precursor is not complete, ionization bands of the starting compound will still be present in the PE spectrum and possibly overlap with those of the carbene in crucial regions. And, as the carbene is not the only product formed from the starting compound, possible overlap with bands from the other primary products must be taken into account. Second, even if the carbene is generated close to the ionization beam of the spectrometer, rearrangement, fragmentation, and dimerization of the carbene can lead to secondary products whose bands can further complicate the PE spectrum.
When a carbene is to be generated explicitly, at least problems arising from the precursor can be overcome by simply choosing the most suitable one. When, on the other hand, the carbene is one possible product in a pyrolysis study, all of the items mentioned above are likely to produce a complex PE spectrum. In this case, and especially when the PE spectrum of the carbene is unknown, it is imperative to have a procedure that allows easy, accurate prediction of the first ionization of the carbene, as this is the most likely not to be covered by other ionizations.
Interpretation of the PE spectrum of a molecule is usually achieved via Koopmans' theorem (5) , which equates the ionization potential (IP) in question with the negative orbital energy of the respective molecular orbital taken from quantum chemical calculations. While this method often works well when several ionizations can be attributed to one molecule and relative energy differences can be taken as additional information, absolute orbital energies are usually systematically off, sometimes by as much as several electron volts, depending on the calculational method used. This approach is therefore not particularly suited for the prediction of the first ionization.
Yet the first ionization potential is easily accessible by computing the energy difference between the neutral molecule (N electrons) and its radical cation (N-1 electrons). The geometry of the radical cation can be quite different from that of the neutral, which leads to an energetic separation between the adiabatic and vertical IPs. While the energy difference based on a full geometry optimization of both species gives the adiabatic (IP a ), ignoring the geometry change upon ionization (which is achieved through a single-point energy calculation on the geometrical structure of the neutral for (N-1) electrons) gives the vertical (IP v ) ionization potential. These calculated values are compared to those taken from the PE spectra to evaluate their quality. In recent years, models have been developed that give accurate energies and are therefore well suited to predict IPs (6). These models, like the G2 (7) and CBS (8) series, are very costly in terms of computational resources and can only be applied to molecules having a small number of heavy atoms (8) .
Our goal was to find a method that can provide us with good predictions for first IPs of even relatively large carbenes in a reasonably short time. For future work, such a method could then be applied to the detection of unstable carbenes in our pyrolytic studies. In this paper, we present semiempirical and ab initio calculations of the first IP a and IP v of carbenes 1-5 as well as of "stable" carbenes 6-8. Experimental values for 1-6 are taken from the literature (1-3, 9-11); He(I) PE spectra of 7 and 8 are presented here for the first time.
Experimental
HF (12), CBS-4 (8), Becke3LYP (13a,13b), and Becke3PW91 (13b, 13c) calculations were carried out on IBM RS/6000 model 39H, 350, and 530 computers with GAUSSIAN 94 (14) . Semiempirical PM3 (15) calculations were performed with the MOPAC (16) program package (version 6.00) on an IBM RS/6000 model 320H computer. All semiempirical geometry optimizations used the keyword PRECISE to tighten the convergence criteria. The equilibrium geometries obtained with PM3 were used in the HAM/3 (17) calculations on the IBM RS/6000 model 320H computer. Graphical representations of the calculationally determined eigenvectors (PM3//Becke3LYP/6-31+G*; these were checked against Becke3LYP/6-31+G*// Becke3LYP/6-31+G* eigenvectors and were found to compare well) were plotted from HyperChem 5. 3 PE spectra were measured with a locally built instrument (18) by signal averaging 12 scans with nitrogen (15.6 eV) as the calibrant. Linearity of the scale was ensured through calibrations with methyl iodide (9.54 and 10.16 eV) and O 2 (12.30 eV) performed prior to the experiments.
1,3-Diethyl-4,5-dimethylimidazol-2-ylidene (7) and 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene (8) were prepared according to the literature (19) .
Results and discussion
Photoelectron spectra of stable carbenes 6-8 Ultraviolet PE spectra of carbenes 7 and 8 are depicted in Fig. 1 . The spectra show great similarity with the He(I) PE spectrum of 6 (9): all three spectra exhibit two low-energy bands well separated from the main group of σ bands, which has a shoulder on the low-energy side, and the first band in each of the spectra is made up of two ionizations. The first four ionizations of 7 and 8 (IP exp. ) are listed in Table 1 along with those reported for 6 (9) . While for the tert-butyl substituted carbene 6 the separation of the first two ionizations is large Table 1 . Experimental and calculated (HAM/3) vertical ionization potentials IP (eV) and Becke3LYP/6-31+G*// Becke3LYP/3-21G orbital energies ε (eV) of carbenes 6-8.
enough to give rise to two discrete maxima, for the ethyl and isopropyl analogues 7 and 8, respectively, this difference is smaller and thus leads to one broad band for which only one maximum can be given. As can be seen in Table 1 , Becke3LYP/6-31+G*//Becke3LYP/3-21G orbital energies ε for 6-8 (the lowest energy conformation for 7 and 8 is given in Fig. 2 ) mirror the experimental relative energy differences perfectly (the absolute deviation between -ε and IP exp. is about 2 eV, a value not unusual for Becke3LYP calculations). While on going from 6 to 7 there is little change in the HOMO energy, HOMO-1 is destabilized by 0.4 eV. This fact confirms the character of HOMO and HOMO-1 of carbene 6 as given by Arduengo et al. (9) . The HOMO is the in-plane lone pair on the carbene carbon n C rather than a ring π orbital (as suggested for the unsubstituted parent carbene (20)): in the sequence 6-7, a π orbital would exhibit a destabilization due to methyl substitution on the ring, a behavior that is observed for HOMO-1 (π 3 ). Methyl substitution affects HOMO-2 (π 2 ) in the same way as HOMO-1 whereas HOMO-3 (mostly σ-type electron density on nitrogen substituents) is stabilized when tert-butyl groups are exchanged for ethyl groups. So the orbital sequence in carbenes 6-8, in accord with Arduengo et al. (9) , is n C > π 3 > π 2 > σ, which is confirmed by the PE spectra.
The semiempirical HAM/3 method gives ionization potentials directly. In Table 1 IP v 's are given for PM3 optimized geometries. For 6 and 7 these geometries do not differ significantly from those obtained with ab initio methods; for 8 the methine hydrogens are twisted 47º out of the plane with PM3 (the in-plane ab initio conformation for 8 is shown in Fig. 2 , yet this does not much affect the calculated ionization potentials). HAM/3 IPs show a very good correlation with the experimental data.
Calculation of the first adiabatic ionization potential
The limitation for the number of carbenes studied in this work is the number of carbene PE spectra available. We took PE spectroscopic literature values for the first adiabatic ionization potentials of singlet (21) carbenes 2-5 (1-3). To include a triplet carbene, the IP a of the parent methylene (1) determined from a mass spectrometric experiment (10.35 eV) (11) as well as from the Rydberg series in its VUV spectrum (10.40 eV) (10) was also considered. For these carbenes, we performed calculations for first IP a 's using the compound computational model CBS-4. While being the smallest -and fastestmodel in the CBS/PNO (complete basis set/pair natural orbitals) series, this model still gives accurate molecular energies on a UHF/3-21G(*) optimized geometry (the mean absolute deviation from experimental IPs for the G2 test set (22) is 2.2 kcal mol -1 or 0.1 eV; the maximum error is 6.1 kcal mol -1 or 0.3 eV for hydrogen fluoride) (8) . Total energies from which IP a 's are computed are listed in Table 2 . As can be seen in Table 3 , CBS-4 values for carbenes 1-3 and 5 differ from experiment by less than 0.2 eV; the difference for 4 is only slightly larger. The mean absolute deviation is 0.13 eV, a figure against which other calculational methods can be evaluated.
There have been previous attempts at calculating first adiabatic IPs of carbenes in the literature. Using an electron propagator method (MCSTEP), Nichols et al. (23) in 1994 applied adiabatic corrections to calculated vertical ionization potentials of 1. Rodriquez, Bohme, and Hopkinson (24) in 1996 employed fourth-order Møller-Plesset theory and QCISD(T) to obtain enthalpies of formation for 1 and 3 and from these deduce IP a 's. In 1989, Wong and Radom (25) used the CISD/6-31G* level of theory to predict the, at that time unknown, IP a of 4 to be 8.8 eV, a value that is still 0.35 eV off. Russo, Sicilia, and Toscano (26) in 1992 used a density functional approach (LCGTO-LSD/NLC) to the IP a 's of 1-3. They report 10.69 eV for 1, 11.56 eV for 2, and 9.55 eV for 3, which, compared to the experimental data stated in this paper, give differences of 0.29, 0.14, and 0.28 eV, respectively. These values seem to suggest that density functional theory is suitable for our purpose. Tables 2 and 3 give results from semiempirical PM3 and ab initio HF, Becke3LYP, and Becke3PW91 methods. PM3 IP a 's (Table 3) for difluoro carbene (2), dichloro carbene (3), and propadienylidene (5) are unacceptably low and even though those of methylene (1) and cyclopropenylidene (4) are very close to the experimental values, PM3 cannot be used for our purpose. HF with a 6-31+G* basis set performs much worse; all IP a 's are prohibitively low. Becke3LYP, on the other hand, with as small a basis set as 3-21G, gives very good agreement with experiment, the only exception being for dichloro carbene (3). This is obviously due to the presence of third-row chlorine atoms and is corrected by including polarization functions in the basis set ( Table 3 ). The resulting mean absolute deviation is an amazing 0.13 eV, the same value that we obtained using CBS-4. With the 6-31+G* basis set it even drops to 0.04 eV for this set of five carbenes, which is considerably better than the CBS-4 value.
For Becke3LYP calculations we omitted corrections for zero-point vibrational energies (ZPVEs) as we expected their influence to be small. A check with unscaled ZPVEs (the factor for Becke3LYP/6-31G* is 0.98 (6), which is close enough to 1.0; we assumed the same to be true for the 6-31+G* basis) on Becke3LYP/6-31+G* total energies confirmed this (Tables 2 and 3) .
Although the number of carbenes studied is small, electronically 1-5 are quite different. That Becke3LYP did an excellent job of predicting all first IP a 's was promising for an extension of the study to the so-called "stable" carbenes 6-8. Carbenes 6-8 have considerably more heavy atoms than carbenes 1-5 and obtaining optimized geometries of their radical cations using Becke3LYP/6-31+G* is still computationally demanding. We therefore checked the possibility of doing single-point energy calculations at this level of theory using the Becke3LYP/3-21G(*) optimized geometries. The result is a mean absolute deviation of 0.06 eV; calculated IP a 's can be seen in Table 3 . So this is probably the method of choice for calculating the first IP a of carbenes of all sizes.
For a further comparison, 4 we repeated the above DFT calculations using the PW91 correlation functional (Tables 2 and 3) . While Becke3PW91 performs slightly better than Becke3LYP with the 3-21G(*) basis set, it is definitely worse when the 6-31+G* basis set is employed.
Experimental IP a 's of carbenes 6-8 as given in Table 3 were estimated from their PE spectra (onset of the first band). The calculational data (Tables 3 and 4) for these stable carbenes confirm the previous findings for the ordinary carbenes: Becke3LYP/6-31+G*//Becke3LYP/3-21G(*) gives excellent results.
Calculation of the first vertical ionization potential
Experimental first vertical IPs of carbenes 2-8 are listed in Table 5 . As there are no reported IP v 's for carbenes 3-5, we estimated them from their PE spectra (maximum of the band) (1, 2). For carbenes 6-8 we have shown that IP v 's calculated with the semiempirical HAM/3 method are in very good agreement with experiment (see above). This statement was based on a total of 12 IPs for the three compounds. Yet, if only the first IP v of a carbene is considered, deviations from the experimental value can be rather large (Table 5) .
A calculation of the first IP v differs from a calculation of the first IP a : while the IP a requires optimized geometries for both the carbene and its radical cation (relaxation), for the IP v Table 4 . Ab initio total energies (hartrees) and PM3 heats of formation (kcal mol -1 ) for optimized geometries for carbenes 6-8 with N and N-1 electrons. 4 We thank A.D. Becke for suggesting this comparison. the energy of the radical cation is calculated on the geometry of the neutral carbene (no relaxation). As for the first IP a , there have been attempts at calculating first vertical IPs of carbenes. In 1985, Nguyen et al. (27) performed HF, MP2, MP3, and MP4SDQ (6-31G** basis) single-point energy calculations on the HF/3-21G* geometry for 3 and obtained IP v 's of 9.45, 9.73, 9.86, and 9.75 eV, respectively, which shows the level of theory necessary to get close to the estimated value of 9.8 eV given in Table 5 . Bauschlicher and Taylor (28) (23)). The work of Wong and Radom (25) includes the predicted IP v of 4. The reported value of 9.0 eV using CISD/6-31G* differs from the value in Table 5 by 0.4 eV. Russo, Sicilia, and Toscano (26) give LCGTO-LSD/NLC IP v 's for 1 (10.73 eV), 2 (12.09 eV), and 3 (10.30 eV). Table 5 shows the Becke3LYP/6-31+G* IP v 's (total energies for the radical cations are given in Table 6 ) from this work for carbenes 1-7. For 1, there is no IP v available, but our calculations suggest that it should be close to its IP a of 10.4 eV. IP v 's for 2 and 4-7 are very close to the experimental values with the largest difference of 0.12 eV for 6. The difference for 3 with 0.38 eV is somewhat large; this might be partially due to an uncertainty in our estimation of the experimental first IP v . As can be seen in Table 5 , good results are obtained with Becke3LYP/6-31+G*//Becke3LYP/3-21G(*) for 1-8, especially for carbenes with more heavy atoms. Except for dihalo carbenes 2 and 3 with a difference of 0.33 and 0.63 eV (the latter value could be smaller, see above), respectively, IP v 's differ by less than 0.22 eV. Becke3PW91 values for the first vertical IP, in contrast to values obtained for the first adiabatic IP, are comparable to those obtained with Becke3LYP (Table 5) .
Conclusions
Recorded PE spectra of stable carbenes 7 and 8 resemble that of the tert-butyl substituted carbene 6. An interpretation of the change in ionization potentials on going from 6 to 7 together with orbital energies taken from Becke3LYP/6-31+G* calculations and the effect of methyl substitution on the ring gave the character of the four highest occupied molecular orbitals for 6-8 as n C > π 3 > π 2 > σ.
The Becke3LYP method was employed in the calculation of first adiabatic and vertical ionization potentials of carbenes 1-8. For the IP a 's of the small carbenes 1-5, a mean absolute deviation of 0.04 eV was achieved with Becke3LYP/6-31+G*; this was found to be substantially better than even the CBS-4 performance (mean absolute deviation of 0.13 eV) for this set of molecules. The Becke3LYP/6-31+G*//Becke3LYP/3-21G(*) level of theory was also tested and found to be sufficiently accurate (the largest absolute error was 0.14 eV for 7, which could be due to an uncertainty in our location of the experimental IP a ). While semiempirical PM3 and ab initio HF/6-31+G* calculations gave unsatisfactory values for the adiabatic IP, those obtained with the Becke3PW91 method were found to be only slightly worse than Becke3LYP results.
Calculated Becke3LYP/6-31+G* first IP v 's of carbenes 2-7 are very close to the experimental values (less than 0.13 eV difference) with the exception of dichloro carbene (3) (the difference of 0.38 eV could again be attributed to an error in our prediction of the experimental IP v ). Becke3LYP/6-31+G*//Becke3LYP/3-21G(*) gave similar results with a slight loss of accuracy. For IP v 's, Becke3PW91 performs about as well as Becke3LYP.
This study has provided us with a calculational method, Becke3LYP/6-31+G*, that gives accurate first adiabatic and vertical ionization potentials for carbenes without being computationally too demanding. Depending on the size of the carbene, 3-21G(*) or 6-31+G* basis sets can be employed in geometry optimizations. In future gas phase pyrolysis studies, this can aid in the interpretation of PE spectra with regard to the possible presence of carbenes. The carbene was not optimized at this level of theory. Table 6 . Ab initio total energies (hartrees) for single-point energy calculations for N-1 electrons on carbene optimized geometries for carbenes 1-8.
